The usual formulae for the resistive-wall wake field are derived considering ultra-relativistic beams, travelling at the speed of light. This simplifies the calculation, and it leads to a cancellation between electric and magnetic fields. However, for proton beams below 10 GeV and for many heavy ion beams, the velocities may significantly differ from the speed of light. In this paper, we compute the longitudinal and transverse wake fields for velocities smaller than c, and examine under which conditions non-relativistic effects become important. We illustrate our results by a few examples.
I. INTRODUCTION
Presently several accelerators are under construction which aim to produce intense proton or ion beams at energies around 1 GeV, for example, the SNS [1] and J-PARC [2] . Also the LHC beam in the CERN PS and in the PS booster [3] is not or only moderately relativistic. One possible performance limitation for these types of beam may arise from the resistive-wall impedance.
The conventional treatment of the relativistic wall wake field considers an ultra-relativistic beam; see, e.g., Refs. [4, 5] . Only few papers have attempted to treat the general case. A rare and early example is Ref. [6] , but in the ultrarelativistic limit its wake field does not reduce to the conventional form. An expression for the longitudinal impedance due to space charge and resistive wall for a beam of finite transverse size can be found in Ref. [7] . A general formalism for computing impedances of non-relativistic beams, including resistive-wall boundaries, was given by R. Gluckstern [8] .
Our results differ from the earlier papers in that we (a) derive an explicit non-relativistic correction of the resistive-wall impedance, (b) start from the exact solution of Maxwell's equations inside the wall for a circular geometry, (c) derive the associated Green function wake fields, (d) use an alternative method for calculating the transverse impedance, and (e) examine implications for several operating and planned accelerators. This paper is organized as follows. In Section II we derive the non-ultrarelativistic longitudinal monopole impedance and the associated Green-function wake field -the wake generated by a point-like source -, through first order in the skin depth and second order in 1/γ. In Section III we repeat this calculation for the more complicated case of the dipole mode. We here obtain the transverse impedance and the transverse Green-function * Electronic address: frank.zimmermann@cern.ch † Electronic address: katsunobu.oide@kek.jp wake field. Section IV compares some of our results with those in earlier calculations. Section V investigates various limits of our treatment, most of which are related to the breakdown of Ohm's law under certain conditions. In Section VI we apply the wake-field expressions derived in this paper to four example accelerators, in order to unveil the significance of the non-relativistic correction for each case. The main conclusions are summarized in Section VII.
II. LONGITUDINAL WAKE

A. The Problem
We consider a beam pipe of radius b with conductivity σ, independent of angular frequency ω. Also we assume that the beam charge line density λ b exp(iks−iωt) travels at the center of the beam pipe with frequency ω = vk and velocity v < c. Following Chao's treatment of the ultrarelativistic case [4] , we introduce a new variable z = (s − vt). Then all quantities have the same dependence exp(ikz) on s and t.
B. Potentials and Lorentz Condition
The electric and magnetic fields are related to the scalar potential φ and the magnetic vector potential A via
E = −∇φ − ∂ A/∂t
(1)
For an arbitrary medium with relative dielectric constant r and relative magnetic permeability µ r AmpereMaxwell's law is 
the potential A fulfills the equation
Similarly, from Gauss' law ∇ · E = ρ/ 0 , and using the Lorentz condition (6) we obtain for the potential φ
The two wave equations (7) and (8) are well known.
Together with the Lorentz condition (6), they form the starting point of our impedance calculation. In the following we will apply the wave equations either to the vacuum inside the beam pipe, or to the beampipe wall, and, for simplicity, we will consider only wall materials with µ r = r = 1.
C. Wave Equations in Vacuum
We first consider the potentials and electric fields for the vacuum region enclosed by the beam pipe, for which σ = 0 and r = µ r = 0. In case of the longitudinal wake, the only nonzero field components are E s , E r and B ϕ because of symmetry, i.e., there is no dependence on ϕ. We can thus set A ϕ = 0 and A r = 0.
Note, for example, that if A r is not zero, we can make it vanish by a gauge transformation to the new A r and φ ,
through the gauge function ψ = r A r (r )dr . It is easy to see that this preserves the Lorentz condition (6), since A r is a solution of (7) and j r = 0. The Lorentz condition (6) relates the two nonzero components of the potential, A s and φ s , as
This it is sufficient to compute A s . We decompose the two potentials and the sources as 
1 r
where the parameter k r , related to the non-relativistic speed of the beam, is given by
with k 0 = ω/c.
D. General Solution for Longitudinal Potential
The right-hand sides of (12) and (13) are zero except for inside the beam. Outside the beam, the general solution to Eq. (12) is
where I 0 and K 0 denote the modified Bessel functions of 0th order, and q and p are coefficients yet to be found. From (11) we also know that
Considering a right-handed coordinate system (r, ϕ, z), the non-vanishing electric and magnetic fields are obtained from the potential via
where we have used I 0 = I 1 and K 0 = −K 1 .
E. Source Boundary
The coefficient q is determined by the source current, and the coefficient p by the surface condition at r = b. First we compute q. The source term −µ 0 j s on the right hand side of (12) , after integration over the transverse plane, equals −µ 0 λ b v. The Green function of the operator on the left-hand side for a point source is ln r/(2π). Hence, the potential A s should approach (−µ 0 λ b v ln r/(2π)). For small arguments, the modified Bessel function I 0 approaches 1, whereas K 0 has the expansion − ln z. By comparing the diverging term qK 0 with the required asymptotic expansion, we obtain
F. Wall Boundary
To find the missing coefficient p, we assume that the inside of the conducting metallic wall is characterized by the absence of a net charge, by a relative magnetic permeability and a relative dielectric constant equal to 1, and by Ohm's law:
Then, inside the wall the right-hand sides of (7) and (8) 
where
as before. We note that for the more general case µ r = 1 -not further considered below -, the conductivity σ and the square free-space wave number k 2 0 , on the right sides of (25) and (26), must be multiplied by µ r .
We would like to rewrite this in a more compact form. To this end, we introduce the skin depth
and the two related parameters
and
In (29), we recognize the coefficient on the right-hand side of (25) and (26). These latter equations become
Again the solutions are 0th order Bessel functiona:
where, in the last line, we have invoked the Lorentz condition (6) . In (32) and (33) all other possible solutions of (30) and (31), namely those involving the Bessel function I 0 or the negative argument λ ≈ −λ 0 , were discarded, since for these solutions the magnitude of the Bessel functions would diverge as a function of radius r. This approximation applies only, if the thickness of the beam pipe is large compared with the skin depth. The longitudinal and radial electric fields in the wall are obtained from (18) and (19) as
and λ, defined in (29), is complex. The electric fields fulfill the 0th and 1st order modified Bessel equations,
We note that λ, (29), can be expanded as
where, in the last step, we explicitly convey a nonrelativistic correction. However, since this correction term is of higher order in the skin depth, we will neglect it in our final expressions. From (17) , it follows that
which, inserting (36), can be rewritten in terms of q sw as
Matching the tangential fields E s and B ϕ , (42) and (34), at the chamber wall, r = b, with those inside the beam pipe, Eqs. (17) and (18), we obtain two equations:
We can now solve these for the two unknown coefficients p and q sw :
.
From (15) and (20), the complex amplitudeÃ s of the magnetic vector potential A s =Ã s e ikz becomes
G. Impedance
The longitudinal impedance is closely tied to the longitudinal electric field. The latter can be computed from the longitudinal vector potential A s in (44) as
We define the impedance by Fourier transformation with respect to time t and not with respect to z, since the frequency is a continuous variable, while the wave number k does not assume any values between −k r and k r . The longitudinal impedance per unit length at frequency
is related to the fieldẼ s (k) via
and Z 0 = µ 0 c = 120π Ω denotes the vacuum impedance. Equation (48) is our general result for the impedance in the longitudinal plane. As we shall see, it contain a component related to the space charge and another related to the resistive wall as well as mixed expressions, which represent the non-relativistic corrections to the resistivewall impedance.
For many applications, we may simplify the formula (48) by expansions and approximations. In particular, we may consider the common case that the skin depth is small compared with the beam-pipe aperture, or |λb| 1. In this limit, we can expand the Bessel functions of a complex variable z = λb with |arg(z)| < π/2 as [9]
If we further assume that k r δ skin 1, from Eq. (40) we can approximate λ ≈ λ 0 . Then the impedance in Eq. (48) simplifies to
where the skin depth δ skin refers to the angular frequency ω.
Expanding Z || (k) of Eq. (51) to second order in (k r c/ω) and to first order in (δ skin ω/c), this becomes
If k r = 0 the electric field corresponding to the resistivewall wake depends not only on the longitudinal distance z from the source, but also on the radial position r. We may identify the last term, which is independent of λ, with the space-charge impedance,
The other terms, which are linear in the skin depth, describe the resistive-wall contribution including the lowest-order non-relativistic correction:
In the ultrarelativistic limit, k r → 0, this becomes
which agrees with Eq. (2.77) in Ref. [4] .
H. Green Function Wake
From the impedance we compute the longitudinal Green function wake per unit length as
If the impedance has no singularity for ω in the upper complex plane, the wake is zero ahead of the source (z > 0). In our case, there is no such singularity, but instead we encounter a peculiar singularity of the type (|ω| − iω)/ |ω| at the origin.
A rigorous solution to this problem may be found by invoking advanced techniques of complex analysis. We here present a heuristic way of computing the integral. Namely, to fulfill causality, we move the singularity into the lower complex plane, by replacing ω with |ω + i |, where is an infinitesimal number. This implies that the wake is damped in time as exp(− t). So we might think of as representing a small damping term, e.g., representing Ohmic heating or radiation. After introducing , for z > 0 we can close the integration contour in the upper complex plane and, without any singularity left in this half plane, the integral is zero by virtue of Cauchy's theorem. Therefore, causality is fulfilled in the ultra-relativistic limit, as it should be.
We consider now the region z < 0, where the wake is finite. The impedance (54) is re-written as
For z < 0, we can evaluate (56) as follows:
In (60), we have first performed the substitution ω → (−ix) and, thereafter, chosen the root
Inserting the expressions for D and C, we finally get
where the non-relativistic correction term depends on the radial position r of the test charge. Our convention is such that the wake field decelerates, if W 0 (z) > 0. Hence, the wake field is accelerating in the parameter regime considered here. We recall that in (52) 
III. TRANSVERSE WAKE
A. The Problem
As before, we consider a current flowing in the longitudinal direction, with j ϕ = 0, j r = 0, and j s dr dϕ = vλ b . However, for computing the transverse wake, we now assume a source equal to a pure multipole of order m with an effective strength λ b d m , where d can be thought of as a net displacement between positive and negative charges. Every quantity, V , has the dependence V =Ṽ exp(imϕ + iks − iωt) =Ṽ exp(imϕ + ikz) on s, ϕ and t. In the following we consider only the dipole wake, for which m = ±1. For a normal dipole wake (as compared to a skew wake) the perturbation depends on the combination cos ϕ = (e iϕ + e −iϕ )/2.
B. Wave Equations in Vacuum
With a dipole moment as our source, all field components are nonzero, and, in particular, we can no longer assume that A r and A ϕ vanish. The wave equations (7) and (8) are still valid. However, in cylindrical coordinates the equations for the various components of the vector potential are no longer independent. Indeed, using the definition
the wave equations in vacuum become
By introducing
the equations forÃ r andÃ ϕ can be decoupled,
where A ± =Ã ± exp(ikz), etc. Note that the original radial and azimuthal components of the vector potential are given by
C. General Solution for Dipole Wake
Outside the beam, but inside the vacuum, the solution for each component again is a superposition of two Bessel functions, i.e., for m = 1,
and, for m = −1,
For a perturbation with ϕ-dependence cos ϕ = (e iϕ + e −iϕ )/2, by symmetry, we have p
− , and q
+ . This gives
With (69), we finally obtain
where the argument of the Bessel functions is (k r r), and we have dropped the superindex '(1)' of all coefficients. The Lorentz condition (6) relates these coefficients as
which yields the two equations
We still have some gauge freedom. Namely, similar to the longitudinal case, we can add the gradient of a scalar gauge function χ to A. For example, if σ = 0, using the gauge function χ = aI 1 (k r r) cos ϕ exp(ikz) we may transform the vector potential as A = A − ∇χ and φ = φ+∂χ/∂t. The Lorentz condition is preserved, since (−c 2 ∇·( ∇χ)+∂ 2 χ/∂t 2 ) = 0. Choosing a = (p − +p + )/k r , we can achieve
which can be verified by employing the relations I 1 (z) = I 0 (z) − I 1 (z)/z and (−2/z)I 1 (z) + I 0 (z) = I 2 (z). Inside the vacuum chamber, where σ = 0, the Lorentz condition (80) then simplifies to
D. Source Boundary
To determine the unknown coefficients, we proceed in analogy to the longitudinal case. We first consider the source terms. The current in the transverse direction is zero,
so that we are left with a longitudinal dipole current j s and a dipole charge ρ. The dipole-moment Green function for the right-hand sides of Eqs. (64) is 1/(2πr). In addition, it follows from the free-space solution for a 2-dimensional point-like dipole moment of strength (λ b d), that for decreasing distances to the origin the scalar potential should approach
and the longitudinal vector potential should approach
For small argument, the 1st order Bessel function K 1 (k r r) expands as 1/(k r r). By equating the asymptotic solutions with the singular behavior of K 1 , in the expressions for A s and φ, we thus find that
Taking account of these simplifications, the potentials inside the beam pipe become
where q s is given in (87). Two coefficients are still unknown, namely p + and p s .
E. Wall Boundary
As for the longitudinal case, we invoke the wall boundaries to determine the remaining two coefficients.
Thanks to j = σ E inside the metal the equations for the potentials are the same as in vacuum, (64), except that k 2 r is replaced by λ 2 defined in (29):
The general solutions for the potentials are as given in Eq. (79), only that the arguments of the Bessel functions are now (λr). We mark the coefficients for the solution inside the metal by the superindex 'w'. The coefficients of the Bessel functions I k are all zero, because these functions diverge for increasing argument. We can again apply a gauge-transformation, this time to ensure q w + = −q w − , which is achieved by the gauge func-
Then the potentials in the wall are
where the argument of the Bessel functions is now (λr), and we have used the Lorentz condition (81) 
Requiring continuity of E s , E ϕ , B ϕ , and B s , at the chamber wall leads to the four constraints
where use has been made of
The magnetic field component B r is also continuous at the wall, if
This condition is automatically fulfilled, if E s and E ϕ are continuous, as specified in Eqs. (101) and (102). Solving Eqs. (101)- (104) for the unknown p s , we obtain a rather complex expression, which we write as
where N and D, respectively, denote the numerator and denominator. In the limit |λb| 1, we can expand the Bessel functions for the solution inside the wall,
and in this limit the numerator and denominator are given by 
where q s was determined in (87). Unlike the other five field components, the radial electric field is not continuous. Its limiting values when approaching r = b either from smaller or larger values of r can be obtained from (88), 91), (100) and (112). The general expressions are rather intricate and we omit them here. In the limit of a perfect conductor (σ → ∞) and of a relativistic beam (k r → 0), the expressions for the radial field greatly simplify, however, and the change in the radial electric field at the chamber wall due to the induced surface charge equals
which is a well-known expression (e.g., Eq. (1.8) in [4] ). In this limit the radial field is zero outside the wall boundary, or E r (r)| r→b + → 0.
F. Impedance
The vector potential (112) yields the longitudinal electric field via (99) and (91),
Inserting the above expressions for A s , N and D, we can expand E s through first order in the skin depth (δ skin ω/c), to second order in the parameter (k r r) or (k r b), and to third order in the radial position r (involving products of terms (k r r) and (k r b)). This gives
The longitudinal impedance of the dipole mode is defined as
which yields
We identify the first term, which is independent of the skin depth as the space-charge impedance,
Here, we tried to emphasize the similarity with Eq. (53) for the monopole space-charge impedance Z ||,sc . The other term is the longitudinal dipole mode impedance for the resistive wall including the lowest order non-relativistic correction:
The transverse wake is related to the longitudinal field by the Panofsky-Wenzel theorem
which, if expressed as above, is valid as in the relativistic case, thanks to ω = vk. Equation (121) implies
which is our final result for the transverse resistive-wall impedance.
We define the longitudinal and transverse Green function dipole wakes such that they are related to the associated impedances via the Fourier transforms as
where we have made the dependence on r explicit. From relation (122) it follows that
We note that due to the nonlinear dependence on r, the longitudinal dipole wake W 1,|| (z, r) is not simply the zderivative of the transverse wake W 1,⊥ as in the ultrarelativistic case [4] , but that an additional factor r and additional derivative with respect to r enter in (126). Our r-dependent wake functions W 1,⊥ and W 1,|| are defined such that they yield the forces acting on a test particle through the same relations as in Ref. [4] .
G. Green Function Wake
The transverse resistive-wall impedance is strongly diverging at the origin. Therefore, to determine the transverse Green function wake we start from the longitudinal dipole-mode impedance, and we first compute the longitudinal dipole Green function wake per unit length as
The integral is already familiar from (60):
As indicated above, we obtain the transverse Green function wake W 1 (z) by integrating (W 1,|| (z, r)r) with respect to z and differentiating with respect to r:
In the ultra-relativistic limit, this becomes
which agrees with the classical result (see, e.g., again Eq. (2.53) of [4] ).
IV. COMPARISON WITH EARLIER RESULTS
Equation (54) gives the longitudinal resistive-wall impedance including the non-relativistic correction to first order in (δ skin ω/c) and to second order in (k r c/ω) as:
In reference [7] A. Al-khateeb et al. calculated the longitudinal resistive-wall impedance by a different approach and defined it via the energy loss of a uniform beam with transverse size a. We can identify the parameter σ of [7] with our variable k r . Also setting a = r, A. Alkhateeb's complete expression for the resistive impedance (Eqs. (33)-(35) in Ref. [7] ), per unit length, is re-written as
and we have inverted the sign of the imaginary part. Expanding this expression as before to first order in (δ skin ω/c) and to second order in (k r c/ω) we get
which differs from our expression (130) by the last imaginary term without real counterpart. The expansion of the approximation (37) in Ref. [7] does not contain this term and it agrees with our (130). Hence, this formula is not consistent with the preceding (133) nor with Eqs. (33)-(35) of [7] . However, it is interesting to note that an alternative expression, namely Eq. (41) in Ref. [7] , which was derived by computing the power loss in the pipe wall, is equal to our result (130) in the limit considered here.
In Ref. [8] , R. Gluckstern considered as source a narrow ring of radius a and, calculating the energy loss over the distribution, for the non-relativistic resistivewall impedance he derived the expression (Eqs. (5.7) and (5.8) in [8] )
where α was defined in (132). Expanding again to first order in (δ skin ω/c) and to second order in (k r c/ω) and setting a = r, Gluckstern's formula reduces to
For ω > 0, this expression equals our Eq. (130) except for a factor 2 in the coefficient of the r-dependent term, which we attribute to a different definition of impedance. We note that Gluckstern's formula (134) does not include any unpaired imaginary component as is present in Alkhateeb's expression (131) or (133). R. Gluckstern also computed the transverse nonrelativistic resistive-wall impedance, in this case considering an ideal dipole-moment source as we have done in Section III. Gluckstern's expression (Eqs. (5.23) and (5.24) in [8] ) can be written as
and its expansion is
which, up to the order of expansion, agrees with our solution (122),
if we evaluate the latter at amplitude r = 0.
V. LIMITS OF VALIDITY
We have assumed the conductivity σ to be a scalar quantity, independent of frequency. This is only valid for metals whose lattice is cubic symmetry (e.g., Al, Cu or Fe), while for metals without this symmetry (e.g., Ti), the conductivity is a tensor [12] . In addition to changes introduced by the crystal structure, modifications to Ohm's law are also imposed by ac conductivity [10] , anomalous skin effect [11] and magnetoresistance [12] none of which was included in our analysis. These latter effects become important at high frequency, for low temperature, or in a strong magnetic field. Our results are also modified, if the relative magnetic permeability or the relative dielectric constant differ from 1. Other possible complications that were not considered in our treatment are related to the finite length of real beampipe components and to the relative velocity of the wake and the beam.
We first discuss the consequences of ac conductivity. At sufficiently high frequencies the conductivity σ can no longer be treated as a constant σ. It varies with frequency as [10, 12] 
Table I lists relaxation times τ rel for three typical metals at various temperatures [12] and the implied limits on the magnetic field, beyond which the formula presented in this paper must be modified. Note that the maximum frequency ω max listed in Table I is related to the minimum distance z min for which the computed expression for the wake field remains valid via z min ≈ cβ/ω max . For example, at a typical value ω max ≈ 10 13 s −1 and for β ≈ 1 the ac component of the conductivity becomes significant at distances below 30 µm.
The next limit we estimate is due to the anomalous skin effect. At low temperature and high frequencies, the mean free path of the electrons exceeds the frequencydependent classical skin depth, δ skin , in which case the surface resistivity deviates from the classical value. The theory of this "anomalous skin effect" was developed by a number of authors [11, [14] [15] [16] . The classical formulae for the surface resistance cease to be valid, if [17] 
or if
Relevant parameters for the same three example materials at different temperatures are compiled in Table II . The anomalous skin effect can be a concern at low temperatures. For example, for ω max ≈ 10 11 s −1 and β ≈ 1 the anomalous effect starts to appear at distances below 3 mm. The last frequency limit, induced by magnetoresistance, occurs in the presence of large magnetic fields.
Specifically, magnetoresistance is noticeable, if the product of the angular cyclotron frequency and the relaxation time τ rel of the metal approaches or exceeds one, i.e., if
Table III lists the implied limits on the magnetic field, beyond which our formulae are no longer valid. The table suggests that magnetoresistance might be important only for a few metals, possibly copper, and only at extremely low temperatures (a few K) in a high magnetic field (several T); for an example, see [13] . Though we have assumed µ r = 1, this is not a real limitation, as all the formulae derived in this report could be extended to µ r = 1 by the replacements σ → σµ r and k 2 0 → k 2 0 µ r . All impedances and wake fields computed in this report refer to the steady-state established in an infinitely long beam pipe of thickness larger than the skin depth. For short beam-line elements, local variations in the surface composition, metallic elements outside of the chamber, and the resulting 3-dimensional current-"redistribution" may substantially alter the impedances and wake fields [18, 19] .
Lastly, by invoking the exponential dependence exp(ikz − iωt), we have assumed that the harmful electric and magnetic fields constituting the wake propagate at the same speed as the beam. However, multi-bunch resistive-wall instabilities in a large storage ring can be driven by field components at much smaller phase velocity [20] . This possibility may be taken into account by introducing a generalized wake field, which takes wave number k and frequency ω as two independent arguments [20] . The result is a different concept of nonrelativistic wake, namely one that would affect even an ultra-relativistic beam. Such generalized non-relativistic wake has not been addressed here.
VI. APPLICATIONS
Typical parameters of several low-energy proton or ion accelerators are listed in Table IV . The abbreviated accelerator names in the top row of the table refer to the Accumulator Ring of the Spallation Neutron Source (SNS) [1] , to the 3-GeV rapid-cycling synchrotron of the Japan Proton Accelerator Research Complex (J-PARC) [2] , to the booster rings of the CERN Proton Synchrotron (PS Booster) [3] , and to an electron-cyclotron resonance (ECR) ion source (e.g., [21] ). The energy decreases from SNS, over J-PARC and PS booster to an ECR source.
For each case we consider a stainless steel chamber with conductivity σ = 1.4 × 10
6 Ω −1 m −1 . Figure 1 compares the non-relativistic longitudinal wake functions at the center of the chamber for these four cases with the ultrarelativistic expression. Figure 2 presents an analogous picture for the transverse case. The two figures illustrate that the differences between the ultra-relativistic limit, (62) and (130), and the more accurate formulae, (61) and (130), are significant for γ < 3 for all values of z due to the multiplying factor β 3/2 in (61) and (130). Also, the additive non-relativistic corrections, i.e., the terms inside the parentheses, are seen to become important for short distances z, specifically, for z > − 15/8 b/γ longitudinally, and for z > − 3/8 b/γ transversely.
The deviations from the classical ultrarelativistic expression can amount to 1 or 2 orders of magnitude. They are largest for the PS booster and the ECR, i.e., for the examples with the lowest beam energy. 
VII. SUMMARY
We have derived the lowest-order non-relativistic corrections to the longitudinal and longitudinal resistivewall impedances and the associated Green-function wake fields for a beam passing through an infinite circular metallic beam pipe.
Our main results are as follows. The longitudinal impedance including non-relativistic terms is given by (54), (sgn(z) − 1) 2 .
The expressions for the impedance are consistent with some, though not all, formulae previously derived by other authors. The Green-function wakes are here given explicitly for the first time.
The non-relativistic formulae for the resistive-wall wake fields significantly deviate from those of the ultrarelativistic limit both at low energies, γ < 3, and at short distances, |z|/b < 1/γ.
The expressions developed in this report cease to be valid for metal lattics without cubic symmetry, at high frequencies or in strong magnetic fields, i.e., whenever the response of the chamber material can no longer be described by Ohm's law with a constant scalar conductivity. Additional complications are expected to arise for metals with dielectric constants and magnetic permeabilities different from 1, for beam-line elements of finite length where the electro-magnetic fields do not reach a steady state, as well as in cases where wake fields propagating at phase velocities different from the beam velocity are important.
